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ABSTRACT

This present paper is concerned with the study of the generalized Ricci-recurrent Weyl manifolds.
First, we obtain a sufficient condition for the generalized Ricci-recurrent Weyl manifold admitting
harmonic conformal curvature tensor to be a quasi-Einstein Weyl manifold. Also, we give an
example of a generalized Ricci-recurrent Weyl manifold. Then, we prove that a generalized Ricci-
recurrent Weyl manifold satisfying the Codazzi type of Ricci tensor is an Einstein Weyl manifold
if and only if its scalar curvature is a prolonged covariant constant. Moreover, we prove that a
generalized Ricci-recurrent Weyl manifold with a generalized concircularly symmetric tensor is an
Einstein-Weyl manifold if and only if its scalar curvature is prolonged covariant constant.

Keywords: Generalized Ricci-recurrent Weyl manifold, quasi-Einstein Weyl manifold, harmonic conformal curvature tensor, Einstein Weyl manifold,
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1. Introduction

Weyl geometry was introduced by Hermann Weyl [24]. He generalized Riemannian geometry by introducing
scale freedom of the underlying metric and formulated unified field theory in 1918. Weyl geometry was taken
up explicitly in different research fields of theoretical physics during the second half of the 20th century. A Weyl
manifold is a conformal manifold equipped with a torsion free connection preserving the conformal structure,
called a Weyl connection.

Scalar curvature for an Einstein manifold of dimension n > 2 is constant. But, the scalar curvature need not
to be constant for the Einstein-Weyl manifold. Pedersen and Tod [23] have shown that scalar curvature is an
analytic function for a suitable choice of metric and local coordinates.

There are a number of remarkable studies of Einstein-Weyl structure under various conditions [7, 11, 12].
The Einstein-Weyl condition plays a key role in physics, the pure Einstein theory being too strong as a system
model for various physical questions. Moreover, quasi-Einstein manifolds have been studied by valuable
authors recently.

The idea of Ricci-recurrent manifold was introduced by Patterson [21]. Then, Ricci-recurrent manifolds have
been studied by many authors [4, 15, 22]. In [6], De, Guha and Kamilya introduced and studied the generalized
Ricci-recurrent Riemannian manifolds. In [14], authors have obtained some results for a generalized Ricci-
recurrent Riemannian manifold to be a quasi-Einstein manifold. In [8], authors have studied quasi-Einstein
Weyl manifolds. In [26], conformally symmetric generalized Ricci-recurrent manifolds have been studied, and
proved that such a manifold is a quasi-Einstein manifold. In [13], authors have shown that a conformally flat
generalized Ricci-recurrent pseudo-Riemannian manifold is an Einstein manifold.

In this work, we consider the generalized Ricci-recurrent Weyl manifolds. We first obtain a sufficient
condition for a generalized Ricci-recurrent Weyl manifold with V, Cl,. =0, to be a quasi-Einstein Weyl
manifold. We also construct a non-trivial example of generalized Ricci-recurrent Weyl manifold. Then, we
prove that a generalized Ricci-recurrent Weyl manifold satisfying Codazzi type of Ricci tensor is an Einstein-
Weyl manifold if and only if its scalar curvature is prolonged covariant constant. Finally, we prove that a
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generalized Ricci-recurrent Weyl manifold with a generalized concircularly symmetric tensor is an Einstein-
Weyl manifold if and only if its scalar curvature is prolonged covariant constant.

2. Preliminaries

A differentiable manifold of dimension n having a conformal class C[g] of metrics and a torsion-free
connection V preserving C[g] is called a Weyl manifold [17, 27] which will be denoted by W,(g,T") where
g € Cg] and T is a 1-form satisfying the compatibility condition

Vg=2(gxT). (2.1)
Under the conformal re-scaling (renormalization)
g=Xg (A>0) (2.2)
of the metric tensor g, T' is transformed by the rule
T =T+d(InM\). (2.3)

It is well-known that the pair (g, T') generates the same Weyl manifold. The process of passing from (g,T’) to
(g,T) is called a gauge transformation.
The curvature tensor, the covariant curvature tensor, the Ricci tensor, and the scalar curvature of W,,(g,T)

are, respectively, defined by [3, 23]

(ViVi=ViVi)o? =o' RY, (2.4)
Rujwr = gpn RYy, (2.5)
Rij = R, = ¢"" Ruijn , (2.6)
From (2.4) it follows that
0
Rfyy = 0kL5) — 0% + T}, 00 =TT, . O = Ik
where 'y are the coefficients of the Weyl connection V given by
h
Iy, = {zk} — (8 Te + 00T — "™ gir T ), (2.8)

in which { } } are the coefficients of the Levi-Civita connection.
By straightforward calculations it is easy to see that the antisymmetric part of R;;, R[;;;, has the property

Ryij) = nV T, (2.9)

Definition 2.1. An object A defined on W,,(g,T) is called a satellite of weight {p} of the tensor g;;, if it admits
a transformation of the form

A=)NA (2.10)
under the renormalization (2.2) of the metric g [9, 27].
Definition 2.2. The prolonged covariant derivative of a satellite A of weight {p} is defined by [9]
VA=V, A—pT,A. (2.11)

We note that the prolonged covariant derivative preserves the weight.
Writing (2.1) in local coordinates and expanding it, we find that

Vigis = Okgij — gnj Uiy — gin T, — 2T gij = 0. (2.12)
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Definition 2.3. A Weyl manifold is said to be an Einstein-Weyl manifold [10, 23] if the symmetric part of the
Ricci tensor is proportional to the metric tensor g € C[g], and hence we have

R
Riij) = —9ij- (2.13)

Definition 2.4. A Weyl manifold W,, (g, T) is a quasi Einstein-Weyl manifold, if the symmetric part R(;; of the
Ricci tensor R;; satisfies the condition [8]

R(ij) = aggj) + BAA; (2.14)
where «and 3 are scalars of weight —2, A; is a nonzero 1-form of weight 1, which is normalized by the condition
g% AjA; =1,
A, is called the associated 1-form, and « and 3 are called associated scalars.

Definition 2.5. A non-flat Weyl manifold W,,(g,T) is called Ricci-recurrent if its Ricci tensor R;; satisfies the
condition

ViR = ApRyj (2.15)
where A is non-zero 1-form.

Definition 2.6. W,,(g,T) is called the generalized Ricci-recurrent Weyl manifold, if its Ricci tensor R;; satisfies
the condition

ViRij = ALRij + Brgij, (2.16)

where A and B are two non-zero 1-forms of weight 0 and —2, respectively [2]. If the associated 1-form B
becomes zero, the manifold reduces to a Ricci-recurrent manifold.

It is easy to see that the antisymmetric part and symmetric part of R;; of the generalized Ricci-recurrent Weyl
manifold W, (g, T) are in the following forms, respectively,

ViR = ArRypj), (217)

ViRj) = AuRij) + Bugi; - (2.18)

The conformal curvature tensor C}:, of W, (g,T) is given by [16]

2
h h h h hm hm
Cije = Riji+ Sy — (519R[ij] = 05 Riiry—=9irg™"™" Rimj)+9i59"" Rimig
1
—(n—2)s R[kj]) E— (512' R;; —5;"’ Rit—Gikg"™ Runj+gijg"™ Rmk)
+L (9i501 — gir6}) (2.19)
(n—1)(n—2) V" 770
and the tensor L;; as
R;; 2 Rg;i
Lyj=——" g == Ryt . (2.20)
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3. Generalized Ricci-Recurrent Weyl Manifolds Admitting Harmonic Conformal
Curvature Tensor

In [14], authors proved that a conformally flat generalized Ricci-recurrent Riemannian manifold is a quasi-
Einstein manifold, provided the basic vector fields are co-directional.

In this section, we consider a generalized Ricci-recurrent Weyl manifold admitting harmonic conformal
curvature tensor, i.e., VhCihj » = 0. We examine the condition for a generalized Ricci-recurrent Weyl manifold
with harmonic conformal curvature tensor to be a quasi-Einstein Weyl manifold.

In [5], Civi and Arsan obtained the following relations for a Weyl manifold:

By substituting the tensor L;; with weight {0} into (2.19) for a Weyl manifold W,,(g, T') (n > 3), the conformal
curvature tensor is given by

Cly = Rl + 0 Lij — 0" Liw + Ly gij — L gar. — 26 Lijng (3.1)
where

L
and

1
Lijwy = — Rij) = V- (32)

Also, in [5], authors obtained the following expression for the conformal curvature tensor of W,, (g, T') (n > 3).

ViCliy = (n = 3)(V;Lik — Vi Lij), (3.3)
ViLiji + VL + Vil = 0, (3.4)
and
' ' _ g, (B 2 poo._ Row
Vil —Vily = Vi(1 5+ nln —2) 4 T 50 ") = 2)) (3:5)

o (—Rij 2 Rgi; )
V(i Zat nin—2) 89 T 5 T ) n=2))

So, by using the above relations, we can state the following theorem.

Theorem 3.1. A generalized Ricci-recurrent Weyl manifold of dimension > 3 admitting harmonic conformal curvature
tensor is a quasi-Einstein Weyl manifold if the condition

ngApvi(V[ij]) + gijkvp(v[iTj]) =0
holds true.

Proof. Assume that the generalized Ricci-recurrent Weyl manifold W,,(¢g, T') (n > 3) has the harmonic conformal
curvature tensor. Then, in view of (3.3), it can be easily obtained that

ViLix = ViLij =0,
and from (3.5), it follows that
: . 2 . : 1 . .
ViRij = ViRix — —(ViRyj) = Vi Rian) + =1 [Qik(ij) - gij(ka)] =0.
Hence considering the antisymmetric part and symmetric part of R;;, and using (2.9), it is obtained

ViRaj) — ViR = —(n=2)Vi(ViTy) + (n— 2)V;i(ViTy)
(3.6)

_ﬁ [gik(ij) - Qij(ka)] :
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Suppose now that W,,(g,T) (n > 3) is a generalized Ricci recurrent Weyl manifold. Then, (2.16) must hold.
Multiplying (2.16) by ¢/ and summing up, and using the fact that ¢/ R;; = R, we obtain

ViR = AiR + nBy. (3.7)
Replacing (2.16) and (3.7) in (3.6), we obtain
ApR(ijy + Brgij — AjRiiry — Bjgin = —(n — Q)Vk(v[iTj]) + (n — Q)vj(v[iTk])

—ﬁ [Qm(AjR +nBj) — gij (AR + an)] . (3.8)

Multiplying (3.8) by ¢/ and using the fact that ¢"/ (V;7})) = 0, we get
G ARGy = %(AkR —nBy) + (n—1)Bg — (n — 2)g""V; (Vi Ty). (3.9)
Multiplying (3.8) by ¢’ A, and using 4, AP = |A,|* = u, we obtain
AkgijpR(ij) + AiBr — puRr) — gijijgik
= 2= )| A VK(VTy) - 7P AV (ViTh)| (3.10)
— ﬁ [NgikR +ng'? A,Bjgir — AiApR — nAiBlc} .
Inserting (3.9) into (3.10) and making the necessary arrangements, we obtain

n—2
2p
(n—2)

(n—2)

1 . |
Ray = [ﬂAiR ¥ ( )Bi + gﬂpvp(v[iTﬂ)} Ayt AB

1 .
- —gPApBjgir +
7
_
2p(n — 1)
By interchanging i and £ in equation (3.11) and subtracting these two equations, we get a relation between
two basic vector fields A and By, as By, = AAy, where )\ is a non-zero scalar. Then from (3.11), we get

(977 4,V (VTy) — 7P 4,V (V4Tig)| (3.11)

[NgikR +ng’? ApBjgix — Ai AR — nAin} .

3nA—2\A+ R (n? —2n)A+ (n —2)R
Bar [ 2(n — 1) }g”“ [ 2(n — Du }AlA’“
(3.12)
(n—2) P A © PRy JP A N
+ T {9 Apvk(v[iTj]) +g Akvp(v[iTj]) -9 Apvj(v[iTk])} .
Using (3.2) and (3.4) in (3.12), we obtain
_[3nA =2 +R (n? —2n)A+ (n—2)R (n—2)
Rxy = [ 5= 1) } ik [ -1 }AZAk T ek (3.13)
where pit = 9 AVi(VTy) + 9 A,V Ty). (3.14)
If pir, = 0 for a generalized Ricci-recurrent Weyl manifold W, (g, T') (n > 3), from (3.13), we get
_[3nA—-2\+R (n?2 —2n)A+ (n —2)R
By = [ 2(n—1) } ik [ 2(n—1)p }AlA’“'
So, it shows us that W,, (g, T") (n > 3) is a quasi-Einstein Weyl manifold under the following condition
gij;,,vi(V[ij]) + gijkVp(V[ﬂ’j]) =0.
O
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4. An Example of a Generalized Ricci-Recurrent Weyl Manifold
We consider a four-dimensional manifold W4(g, T') with a metric by
ds® = g;jdr'da? = 2! [(dx')? + (d2?)? + (da®)? + (dz*)?]
and a 1-form T = e”' dz!. Then, the only non-vanishing Weyl connection coefficients are
Pl =T3 =T} =T =03 =0, =T}, =1-¢", I}, =Th =T} =—1+¢".

It is easy to see that Wy(g,T) is a Weyl manifold with the Weyl connection satisfying the condition V,g;; =
2T}, gi;. Hence, a straightforward calculation leads to the following expression for the nonzero components of
the Ricci tensor:

Ry = —3€m1, Ros = R33 = Ryy = 2 — 5€m1 + 2€2m1.

The scalar curvature R and the components of the symmetric parts of the Ricci tensor and their prolonged
covariant derivatives are:

1 1

R=6(1+e2" —3e ),
1 1 1
R(ll) = —3¢e” y R(QQ) = R(33) = R(44) =2 —5e" + 2€2m ,

le(ll) = 3@131 _ 6621117 VIR(22) = le(33) — le(44) — _4 + 9€$1 o 1062;1:1 + 4e3a:17
VaRaz) = VsRag) = ViR = 2(—142e" =262 4 ¢3),

We shall verify that our W,(g,T') is a generalized Ricci-recurrent Weyl manifold. To verify that the manifold
Wa(g,T) is a generalized Ricci-recurrent Weyl manifold, let us choose the 1-forms as follows:

—2+3e" —2e%" 426

Ai: 1_6x1+62w1 7221
0 , otherwise
3e? (=1 4 e2) o
B;=( 1— ez 4 22 1=l
0 , otherwise

at any point in Wy(g,T). In our Wy(g,T), it is seen that the following equations are satisfied:

VlR(u) = A1 Ry + Bign,
le(zz) = A1 R(22) + B1ga2,
ViR(3) = A1R(33) + Bigas,
ViR(aa) = A1 R(ua) + Bigas.

Thus, Wy(g,T) is a generalized Ricci-recurrent Weyl manifold which is neither Ricci symmetric nor Ricci
recurrent.
5. Generalized Ricci-Recurrent Weyl Manifolds with Codazzi Type Ricci Tensor

In this section, we consider generalized Ricci-recurrent Weyl manifolds satisfying the Codazzi type of Ricci
tensor and prove the following theorem.
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Theorem 5.1. A necessary and sufficient condition for a generalized Ricci-recurrent Weyl manifold having Codazzi type
of Ricci tensor to be an Einstein-Weyl manifold is that its scalar curvature be a prolonged covariant constant.

Proof. Let us suppose that a Weyl manifold is under consideration, having the Codazzi type of Ricci tensor.
Then, we have

ViR = ViR (5.1)
Multiplying (5.1) by ¢*/, we get
ViR =V;R]. (5.2)
In [19], it is proved that a Weyl manifold satisfies the identity
V,R] = %ka + 26"V (Vi Ty).- (5.3)
Hence, from (5.2) and (5.3), for a Weyl manifold having the Codazzi type of Ricci tensor, we obtain
ViR =497V (Vi Ty). (5.4)

Consider now that generalized Ricci-recurrent Weyl manifold W,,(g,T") with Codazzi type of Ricci tensor.
Then, from (2.18) and (5.1), we have

Ak Rijy + Brgij — AjRix) — Bjgir = 0. (5.5)
Transvecting (5.5) by g%, we find
Arg"™ Riijy = AjR+ (n—1)B;. (5.6)
On the other hand, multiplying (5.5) by g7’ A,, we get
Arg" ApRijy + 9" ApBrgi; — 9" ApAj Ry — 9" A,Bjgir, = 0. (5.7)
From (5.6) and (5.7), we obtain
pRky = Ak[ AR+ (n = 1)B] + AiBy — 7 A, B g (5.8)
where
g ApAj = pu.
Putting (5.4) into (3.7), we obtain
By = g0% (VuTiy) - LALR. (59)
n n
From (5.8) and (5.9), we get

4 . 1
,uR(ik) = A;ALR+ (n — I)Ak( gm]Vj(V[mTi]) - EAZR>

n

(5.10)
4 i 1 y 4 e 1
+ Ai(ﬁg Vi (VimTy) — EAkR> -9 Ap(gg Vi (Vi Ty) — EAjR)gik-
In view of (5.4) and (5.10), we obtain
R JPA . -1 . 1 .
Ry = (= = £ 22V R) g+ = AViR + — AViR. (5.11)
n nu Nk nu
If R is a prolonged covariant constant, i.e., if
ViR = ViR+2RT, =0 (5.12)
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then, from (5.11), we obtain

R g¢'PA,

Rew = (E Cnp

ij>gik (513)

which shows us that the generalized Ricci-recurrent Weyl manifold W), (g, T") with Codazzi type of Ricci tensor
is the Einstein-Weyl manifold.

Conversely, assume that the generalized Ricci-recurrent Weyl manifold W, (g, 7") with Codazzi type of Ricci
tensor is the Einstein-Weyl manifold. From (2.13) and (5.1), we obtain

(VeR)gij — (V;R)gix = 0. (5.14)

Multiplying (5.14) by g%/ and using g g;1, = &7, we find

(n —1)ViR = 0.
For n > 1, we have
ViR =0
which shows that the scalar curvature R of W,,(g,T) is a prolonged covariant constant. O

6. Generalized Ricci-Recurrent Weyl Manifolds with Generalized Concircularly
Symmetric Tensor

In general, a geodesic circle does not transform into a geodesic circle by the conformal transformation of
the fundamental tensor g;;. The transformation which preserves geodesic circles was first introduced by Yano
[25]. In [18], as a generalization of a geodesic circle in a Riemannian manifold, by using prolonged covariant
differentiation authors proved the following statements.

A conformal mapping of a Weyl manifold upon another Weyl manifold is called generalized concircular
mapping if it preserves the generalized circles [18].

A (1, 3) type tensor Z which remains invariant under generalized concircular mapping of W, (g, T) is given
by [18]

R
20, = R

ijl 771(” D (67 9i5 — 5?91‘1)- (6.1)

where R}, is the Weyl curvature tensor and R, the scalar curvature.
In [1], authors obtained some results about generalized concircularly flat Weyl manifolds.
So, by using the above expressions, we can state the following theorem.

Theorem 6.1. A generalized Ricci-recurrent Weyl manifold W, (g, T') with a generalized concircularly symmetric tensor
is an Einstein-Weyl manifold if and only if its scalar curvature is prolonged covariant constant.

Proof. Let the generalized Ricci-recurrent Weyl manifold W, (g,7T") be generalized concircularly symmetric
manifold. Then, according to (6.1), we have

ViR

kazpjl = kafﬂ - 771(71 ) (07 9i5 — 5?911) =0. (6.2)
Contraction on the indices p and [ gives
. . V. R
ViZij = ViRij — %gij =0 (6.3)
or, equivalently,
~ : ViR
ViR + ViR — #gij =0 (6.4)
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Since Wy, (g, T') is generalized Ricci-recurrent, using (2.17) and (2.18), we get

AyR+nB
AkR(”) + Bkgij + AkR[Zj] — %gij =0. (65)
In view of (2.9) and (6.5), we obtain
R
Rij) = —9i3 = —Rjij) = —nVTj). (6-6)

Then, (6.6) reduces to R;;) — % gi; = 0and V;T}; = 0. In this case, W), (g, T') is an Einstein-Weyl manifold and 7'

is locally a gradient i.e., Tj; — T ; = 0. Therefore, W,,(g,T) is generalized concircular to an Einstein manifold.
On the other hand, in [20], Ozdeger proved that an Einstein-Weyl manifold for (n > 2) satisfies the equation

1 . -
—(V;R) = 26" Vi(V}iTy) = 0. (6.7)

Since T is locally a gradient, from (6.7), we obtain V,;R = V,R + 2RT; = 0 which means that R is prolonged
covariant constant. O
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